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SUMMARY - The soils in the Brenta region: chemical and mineralogical characteristics and their relation to landscape evolution - A 
toposequence of soils developing in an altitudinal range from 1100 to 2400 m a.s.l. in the Italian Alps (Brenta region) was investigated. 
This approach served as the basis for the following aims: the calculation of element mass-balances, understanding the formation of 
pedogenic Fe- and Al-formation, the determination of soil mineral and clay mineral reactions and transformation. Several processes 
and tendencies could be detected. Leaching of carbonates was the main weathering mechanisms with higher leaching rates at the lower 
altitudes. Si, k and to a lesser extent Al showed a trend with increasing mass losses at lower altitudes. Leaching of Si, k and Al was bound 
to an active dissolution of primary minerals. This fits well with the observation that the production of oxyhydroxides was greater at lower 
altitudes. Incongruent weathering of primary minerals produced oxides and hydroxides such as goethite and ferrihydrite (brunification), 
although the soils contained carbonate up to the surface. Weathering of mica and a corresponding transformation into vermiculite was the 
most obvious process in the clay fraction. In contrast to soils on silicatic parent material, the investigated soils on limestone and dolomite 
exhibited a decreasing weathering intensity with increasing altitude.
RIASSUNTo - I suoli nel Gruppo dolomitico del Brenta: caratteri chimici e mineralogici e loro relazioni con l’evoluzione del paesaggio - È 
stata studiata una toposequenza di suoli evolutisi nel Gruppo del Brenta (Alpi italiane), in un intervallo di quota tra i 1100 e i 2400 m s.l.m. 
L’approccio adottato mirava alle seguenti finalità: calcolo dei bilanci di massa degli elementi, comprensione della genesi dei composti di Al e 
Fe, determinazione dei minerali del suolo e della trasformazione dei minerali argillosi. Il lavoro ha permesso di osservare e caratterizzare vari 
processi e tendenze evolutive. La principale forma di alterazione, con intensità maggiore alle quote più elevate, è il dilavamento dei carbonati. 
Per Si, k, e in minore misura per Al, si è osservata invece una tendenza all’aumento delle perdite per dilavamento con il diminuire della 
quota. Il dilavamento di Si, k e Al è legato a una intensa dissoluzione dei minerali primari. Tale processo è confermato anche dalla minore 
formazione di idrossidi alle altitudini più basse. L’alterazione incongruente dei minerali primari produce ossidi e idrossidi quali goethite e 
ferrihydrite (brunificazione), anche se nei suoli sono ancora presenti carbonati fino alla superficie. L’alterazione della mica, e la corrispondente 
trasformazione in vermiculite, è il processo più evidente nella frazione argillosa. Diversamente dai suoli sviluppati su materiali silicatici, i suoli 
studiati, evolutisi da calcari e/o dolomie, mostrano una minore intensità dell’alterazione all’aumentare della quota.
Key words: soil formation, carbonate leaching, element losses, weathering, Alpine soils, clay mineralogy
Parole chiave: genesi del suolo, decarbonatazione, perdita di elementi, alterazione, suoli alpini, mineralogia delle argille
1. INTRoDUCTIoN
Soil sequences may give an insight into the influence 
of factors determining weathering rates. The currently oc-
curring worldwide climate changes are fuelling a growing 
interest in the effect that the factors climate and time are 
having on the landscape and consequently on soil evolu-
tion. Soils play a major role in the biogeochemical cycle in-
cluding weathering and the storage of nutrients and carbon 
(Bain et al. 1994; Dahlgren et al. 1997). Carbon dioxide is 
converted to bicarbonate and nutrients are released during 
carbonic acid weathering of silicate minerals, thus contrib-
uting to both carbon and nutrient cycling. Climate change 
can have significant impacts on the global biogeochemical 
cycle by altering the type and rate of soil processes and the 
resulting soil properties (Theurillat et al. 1998; Bockheim 
et al. 2000). The rate of the reactions is of fundamental 
interest in the understanding of the soil system and its in-
teraction with the surrounding environmental conditions.
In earlier studies, common trends of the effect of 
climate on weathering and soil included changes in soil 
organic matter, clay content, acidity, and exchangeable 
ions (Laffan et al. 1989; Bäumler & zech 1994; Bockheim 
et al. 2000). Higher temperatures should theoretically in-
crease rates of chemical weathering (Muhs et al. 2001); this 
was, however, not fully supported by other findings (Hall 
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et al. 2002; Egli et al. 2003). West et al. (2005) proposed 
that warmer environments generally should mean higher 
chemical weathering rates, but some very warm environ-
ments paradoxically had extremely low weathering rates. 
According to von Blanckenburg (2005) neither precipita-
tion nor temperature appear to exert any influence on sili-
cate weathering.
Calcareous minerals are very soluble and dissolve 
rapidly (Stumm & Morgan 1996). In calcaric soils, H2o 
and H2Co3, which are the sources of protons, are the main 
reactants at the initial stage of soil formation. The net result 
of the reaction is the release of cations (Ca2+, Mg2+, k+, Na+) 
from the soil and the production of alkalinity via HCo3-. The 
atmosphere provides a reservoir for Co2 and for oxidants 
required in the weathering process. The biota assists the 
weathering processes by providing organic ligands and acids 
and by supplying increased Co2 concentrations in the soil.
In Trentino, several regions with silicatic parent ma-
terial were investigated regarding chemical weathering and 
mineral formation and transformation mechanisms (Egli et 
al. 2003; Mirabella & Egli 2003; Egli et al. 2006; Mirabella 
& Sartori 1998). Mass balance calculations indicated that 
extensive mineral weathering and element denudation was 
greatest in subalpine forests near the timberline. Weathering 
rates decreased with both higher and lower altitudes.
our main hypothesis was consequently that weath-
ering reactions should be also most intensive close to the 
timberline in soils developing from calcareous parent mate-
rial.
2. INVESTIGATIoN SITES AND GEoLoGICAL  
 SETTING
A soil profile sequence along an altitude gradient rang-
ing from 1100 up to 2400 m a.s.l. in the Brenta Natural Park 
(Fig. 1) was investigated (Tab. 1). The sequence is located in 
the south Alpine belt in northern Italy. The lithology consists 
of sedimentary rocks from the Mesozoic. The southern part 
of the Brenta region is dominated by thick dolomite sheets 
from the mid-Triassic. The northern part has predominantly 
limestone and dolomite from the Jurassic and partially from 
the Cretaceous. The present day climate ranges from temper-
ate to alpine (above the timberline). Mean annual tempera-
ture and precipitation in Pinzolo (776 m a.s.l.) is 8.8 °C and 
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Fig. 1 - The investigation area Brenta.
Fig. 1 - L’area di studio (“Gruppo di Brenta”).
Profile Site Altitude
m a.s.l.
Exposure
°N
Slope
%
Parent material Soil type (WRB; FAo 1998)
A1 Val di Tovel 1120 100 65 Limestone debris Calcari-Mollic Cambisol (Hyperskeletic) 
A2 Val di Ceda 1200 100 65 Limestone debris Haplic Luvisol 
B3 Val Brenta 1450 200 40 Dolomite debris Calcari-Mollic Cambisol (Hyperskeletic) 
B4 Val d’Ambiez 1470 100 50 Limestone/Dolomite debris Calcari-Mollic Cambisol (Skeletic) 
C5 Val di Tovel 1730 145 60 Limestone debris Calcari-Mollic Cambisol (Episkeletic) 
C6 Vallesinella 1740 200 70 Limestone/Dolomite debris Calcari-Mollic Cambisol (Hyperskeletic) 
D7 Le Crosette 2240 60 35 Dolomite debris Hyperhumi-Rendzic Leptosol 
D8 Grosté 2340 215 30 Dolomite debris Hyperhumi-Rendzic Leptosol
Tab. 1 - Site characteristics.
Tab. 1 - Caratteri ambientali dei siti.
1097 mm yr-1, respectively (Sartori et al. 2005). Mean annual 
temperature and precipitation correlate with altitude (mean 
annual temperature at Grosté, 2505 m a.s.l., is -0.4 °C). In 
the eastern part of the Brenta region, annual precipitation is, 
however, slightly lower (Sboarina & Cescatti 2004).
According to Sartori et al. (2005) the following veg-
etation zones (Fig. 2) can be defined in the Brenta region:
a. lower montane zone (up top 800-900 m a.s.l.) with 
thermophilic deciduous trees such as Fraxinus ornus, 
Ostyria carpinifolia, Quercus pubescens and mes-
ophilic species such as Carpinus betulus;
b. upper montane zone (up to 1600 m a.s.l.) with Fagus 
sylvatica, Abies alba and Pinus sylvestris in the lower 
part and in the upper part with Picea abies;
c. subalpine zone with Larix decidua and, locally, Pinus 
cembra until ca. 2200 m a.s.l. Shrubs are becoming 
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more important in the upper part (e.g. Alnus viridis);
d. alpine zone with shrubs and meadows. Seslerio-
Caricetum sempervirentis and Caricetum firmae are 
typical for carbonate-rich parent material.
Surface ages can be estimated to be about 12,000 to 
16,000 years as the whole region was covered by glaciers 
during the last ice age.
3. MATERIAL AND METHoDS
3.1. Sampling
The soil profiles were selected during an inventory 
giving an overview of the different soil types, their charac-
teristics and variability. The chosen soils were assumed to 
be representative of the altitude zones. Soil profiles ditches 
were dug down to the C horizon. A total of 8 sites were 
investigated. From 2 to 3 kg of soil material was collected 
per soil horizon. Soil bulk density was determined with a 
soil core sampler. Taking advantage of the profile pits, un-
disturbed soil samples were taken down to the C horizon.
3.2. Soil chemistry
Element pools in the soil (Ca, Mg, k, Na, Fe, Al, Mn, 
Si, and Ti) were determined by a method of total dissolution. 
oven-dried samples were dissolved using a mixture of HF, 
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Fig. 2 - Vegetation zones and location of soil profiles along the toposequence.
Fig. 2 - Fasce vegetazionali e localizzazione dei profili di suolo all’interno della toposequenza.
HCl, HNo3, and H3Bo3 as in Hossner (1996) and modified 
as in Fitze et al. (2000) in a closed system (microwave-oven 
and under high pressure, 25 bar). Concentrations of Ca, Mg, 
k, Na, Fe, Mn, Al, Si, Ti were determined by atomic absorp-
tion spectroscopy. Additionally, the dithionite- and oxalate-
extractable fractions were measured for the elements Fe, Al 
and Si (Mckeague et al. 1971). Total C and N content were 
determined, respectively, by the Walkley-Black (Walkley & 
Black 1934) and the kjeldahl methods. Soil pH (in 0.01 M 
CaCl2) was determined on air-dried samples of fine earth 
using a soil solution ratio of 1:2.5. CaCo3 and CaMg(Co3)2 
contents were obtained by combining the total elemental 
contents (Ca, Mg) with XRD-data.
3.3. Soil mineralogy and grain sizes
The clay fraction (< 2 µm) was obtained from the 
soil after destruction of organic matter with dilute and Na-
acetate buffered H2o2 (pH 5) by dispersion with Calgon and 
sedimentation in water (Egli et al. 2001). oriented speci-
mens on glass slides were analysed by X-ray diffraction us-
ing Cu-kα radiation from 2 to 15°2θ with steps of 0.02°2θ 
at 2 seconds per step. The following treatments were per-
formed: Mg saturation, ethylene glycol solvation (EG) and 
k saturation, followed by heating for 2 hours at 335 and 
550 °C. Digitised X-ray data were smoothed and corrected 
for Lorentz and polarisation factors (Moore & Reynolds 
1997). Peak separation and profile analysis were carried out 
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by the origin PFMTM using the Pearson VII algorithm after 
smoothing the diffraction patterns by a Fourier transform 
function. Background values were calculated by means of a 
non-linear function (polynomial 2nd order function; Lanson 
1997). The program reconstructs single peaks by fitting the 
envelope curve of overlapping peaks. This procedure also 
outputs the position and the integral intensity (area) of each 
single peak. The presence of kaolinite and imogolite was 
checked with IR (Bruker optics GmbH, Tensor 27).
DRIFT (Diffuse Reflectance Infrared Fourier 
Transfor mation; Bruker optics GmbH, Tensor 27) spectra 
were recorded over the range of 4000 to 250cm-1 on powder 
mounts made with 6 mg of sample and 300 mg of kBr.
After pre-treating the samples with H2o2 (3%) parti-
cle size distribution of the coarse fraction of the soils was 
measured by wet-sieving (2000-32 µm). The finer fraction 
was determined by the pipette method after dispersion and 
sedimentation in deionized water (Gee & Bauder 1986).
3.4. Calculation of weathering rates
Long-term weathering rates of soils were derived 
from the calculations of enrichment/depletion factors de-
termined using immobile element contents. Investigations 
in the surrounding areas have shown that weathering rates 
can be well expressed by the use of the immobile element 
Ti (Egli et al. 2003, 2004). Losses of carbonates are cal-
culated by the comparison of soil characteristics, such as 
carbonate concentration and the soil bulk density, with the 
parent material. In contrast to methods using immobile el-
ements such as zr or Ti, the non-carbonate fraction of the 
soil can also be considered as an immobile phase (cf. Egli 
& Fitze 2001). The derivation of mass-balance equations 
and their applications to pedologic processes are discussed 
in detail by Brimhall & Dietrich (1987) and Chadwick et 
al. (1990), and revised by Egli & Fitze (2000).
Volumetric changes that occur during pedogenesis 
were determined by adopting the classical definition of 
strain, εi,w (Brimhall & Dietrich 1987):
(1) 
 
εi,w = ΔzwΔz −1  
τ j ,w =
ρwC j ,w
ρ pC j ,p
εi,w +1( )⎛ ⎝ ⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ −1  
 
 
with ∆z as the columnar height (m) of a representative el-
ementary volume of protore p (or unweathered parent materi-
al) and ∆zw as the weathered equivalent height (m) w. Where 
possible, the standardised strain coefficient obtained by the 
carbonate weathering calculation procedure is compared to 
the strain using the content of the immobile element Ti.
The calculation of the open-system mass transport 
function τj,w is defined by the following formula (Chadwick 
et al. 1990)
(2) 
 
εi,w = ΔzwΔz −1  
τ j ,w =
ρwC j ,w
ρ pC j ,p
εi,w +1( )⎛ ⎝ ⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ −1  
 with Cj,p (kg/t) as the concentration of element j in proto-
lith (e.g. unweathered parent material, bedrock), Cj,w as 
the concentration of element j in the weathered product (kg 
t-1), and with ρp and ρw being the bulk density (t m-3) of the 
protolith and the weathered soil, respectively.
With n soil layers the calculation of changes in the 
mass of element j is given by the following formula (Egli 
& Fitze 2000)
(3) 
 
m
_
j , flux(zw ) = C j ,p
a=1
n∑ ρ p 1εi,w +1
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ τ j ,wΔzw   
 where τj,w corresponds to the mass transport function, εi,w to the strain, Cj,p (kg t-1) to the concentration of element j in protolith (e.g. unweathered parent material, bedrock), 
ρp being the bulk density (t m-3) of the protolith and ∆z 
the weathered equivalent of the columnar height (m) of a 
representative elementary volume. Merritts et al. (1992), 
furthermore, suggest for chronosequences that the least 
weathered horizon is assumed to be the parent material.
4. RESULTS
4.1. Soil characteristics
At lower altitude, the soil types could be classified 
as Calcari-Mollic Cambisol and Haplic Luvisol (WRB 
1998). At the transition from the upper montane zone to the 
subalpine zone, the Calcari-Mollic Cambisols disappear in 
favour of Hyperhumic or Humic-Rendzic Leptosols (Tab. 
1). A graphical overview of the profiles is given in figure 
3. The profiles at the higher sites were generally shallow 
compared to those at lower altitudes. All soils had a con-
siderable skeleton content (material > 2 mm in diameter). 
Grain sizes usually decreased from the parent material to 
the surface soil horizons where the highest clay and silt 
contents were found. In the surface soils, only little sand 
was detected. The topsoils are loamy or silty loamy. The 
decrease of the grain sizes (Tab. 2) is a concomitant effect 
of weathering due to a physical breakdown and the chemi-
cal dissolution of carbonate particles (having the diameter 
of sand) or due to eolian contribution (silt).
Due to the presence of carbonates, most soils are 
either neutral or slightly alkalic. The carbonate content in 
the topsoil was, however, low in most soil. The C/N ratio 
typically varied between about 13 and 23 in the topsoils 
(Tab. 3). The content of C
org was in some surface soils quite 
high. The oxalate- and dithionite-extractable contents of Fe 
and Al increase from the sub- to the topsoil. This increase 
is due to a relative enrichment of oxyhydroxides already 
present in the carbonates and to initial weathering process 
(weathering of silicatic minerals present in the carbonate).
4.2. Total contents
The total elements content (Tab. 4) between the sites 
shows differences especially in the Mg and Ca content, 
which is due to the geology. Some sites had a pure limestone 
parent material and others dolomite. As a consequence of 
the carbonate dissolution, the content of Fe, Al, Si, etc. in 
the fine earth strongly increases with decreasing soil depth 
(Tab. 4). Carbonate dissolution led to a corresponding rela-
tive enrichment of these elements in the fine earth.
The influence of loess deposits can be inferred by the 
quantity of silt in the soil and its mineralogical composition 
(ollier 1969; Bronger & Heinkele 1989). The total elements 
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Fig. 3 - Photographs of the selected profiles along the toposequence with indication of horizons and corresponding WRB classification 
(FAo 1998).
Fig. 3 - Fotografie dei profili pedologici più tipici all’interno della toposequenza, con indicazione degli orizzonti e della classificazione 
WRB (FAO 1998).
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content does not suggest that the soils have received addi-
tions of relevant eolian attributions. Although the total con-
tent of Fe, Al, Si etc. increases with decreasing soil depth, 
it primarily indicates only a passive enrichment due to the 
leaching of carbonates.
4.3. Element leaching
Strain, mass fractions added to or subtracted from 
each horizon, and loss or gain of elements during pedo-
genesis were calculated according to equations (1) and (3). 
Chemical composition and bulk density of the parent mate-
rial were assumed to be best described by the corresponding 
C horizon of the soil profile. Immobile elements are needed 
in order to calculate gains or losses of elements. Strongly 
negative strains were in most cases measured in the whole 
soil column (Fig. 4). A strong collapse of the material has 
occurred due to the dissolution and leaching of carbonates. 
Profile Horizon Depth(cm) Munsell color
Skeleton
weight (%)
Density
(g cm-3)
Sand
(%)
Silt
(%)
Clay
(%)
A1 Ao 5-10 7.5YR 2.5/1 75.7 1.00 5 78 17
Bw 10-45 7.5YR 3/3 73.5 1.64 30 62 8
BC 45-75 7.5YR 4/3 60.0 1.90 76 16 8
C 75-100+ 7.5YR 5/3 69.1 1.96 69 24 7
A2 A 6-12 10YR 3/1 56.6 1.08 8 90 2
AB 12-40 7.5YR 3/2 59.2 1.40 15 77 8
Bt 40-80/85 10YR 5/4 43.5 1.24 9 86 5
CR 80/85-110+ 7.5YR 5/4 n.d. 1.64 n.d. n.d. n.d.
B3 A 4-11/18 7.5YR 3/1 39.3 0.51 12 72 17
Bw 11/18-35/50 7.5YR 3/3 72.2 1.68 50 37 13
C 35/50-80+ 7.5YR 3/4 77.8 1.85 68 25 7
B4 A 0-12/17 7.5YR 3/1 58.1 1.33 8 68 24
Bw 12/17-33 7.5YR 3/3 66.8 1.52 25 64 11
BC 33-55 7.5YR 4/4 83.0 1.61 46 38 16
C 55-80+ 7.5YR 5/3 83.8 1.89 50 28 22
C5 oA 1-9 7.5YR 3/2 46.8 0.55 12 50 38
AB 9-25 7.5YR 3/3 73.4 1.09 10 60 30
Bw 25-50 7.5YR 3/4 73.3 1.37 24 62 14
BC 50-65 7.5YR 5/4 57.4 n.d. 57 32 11
C 65-80+ 7.5YR 5/3 58.5 1.96 60 29 11
C6 Ao 7-33 7.5YR 2.5/1 61.9 1.29 9 81 10
Bw 33-55 10YR 4/3 62.6 1.48 36 56 9
C 55-80+ 10YR 5/4 81.9 1.53 72 24 4
D7 A 0.5-15 10YR 3/2 14.3 0.56 4 70 27
CA 15-24 10YR 5/4 61.3 1.55 53 45 2
C 24-40+ 10YR 8/3 82.0 1.78 68 31 2
D8 Ao 0-18 10YR 2/1 37.7 0.51 n.d. n.d. n.d.
AC 18-25/40 10YR 4/3 79.8 1.43 52 37 11
C 25/40+ 10YR 5/3 80.1 1.94 60 35 5
Tab. 2 - Physical properties of the investigated soils. n.d.= no data.
Tab. 2 - Proprietà fisiche dei suoli studiati. n.d.= dato mancante.
No specific trend with altitude can be seen.
The open-system mass transport function τ gave 
strongly negative values in the whole soil profile. This 
means that a large part of the carbonates was dissolved and 
leached during pedogenesis. The losses with respect to the 
standardised soil depth 0-25 cm and to the whole soil profile 
are shown in figure 5. No clear trend with altitude could be 
observed for the topsoil (i.e. 0-25 cm). If the whole soil is 
taken into consideration, then a trend with higher carbonate 
leaching at lower sites can be seen. Main differences ex-
ist in the subsoil where a significant part of the carbonates 
have been dissolved at lower sites and only a little at higher 
sites. Differences in mass losses with respect to the sum 
of all elements in the standardised top 25 cm are small be-
tween the two calculation procedures (Ti or non-carbonate 
fraction; Fig. 6). In addition, no trend of mass losses (depth 
0-25 cm) with altitude was measured. The mean mass loss 
(element sum) for all profiles is around 152 kg m-2. over 
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Profile Horizon pH(CaCl2)
CaCo3
(%)
Corg
(%)
N
(%) C/N 
Feo
(%)
Alo
(%)
Fed
(%)
Ald
(%)
A1 Ao 6.2 2.0 16.50 0.91 18 0.23 0.25 1.83 0.43
Bw 7.1 18.4 6.60 0.43 15 0.30 0.31 1.89 0.45
BC 7.3 80.1 2.89 0.17 17 0.09 0.12 0.37 0.10
 C 7.5 92.9 1.05 0.12 19 0.05 0.08 0.23 0.06
A2 A 6.9 4.1 6.45 0.40 16 0.19 0.30 1.72 0.37
AB 7.1 9.1 4.15 0.26 16 0.18 0.30 1.56 0.36
Bt 7.3 2.8 1.12 0.09 12 0.12 0.23 1.41 0.27
B3 A 7.3 18.9 9.01 0.49 18 0.40 0.35 1.87 0.36
Bw 7.4 82.0 1.30 0.11 12 0.15 0.14 0.65 0.12
C 7.7 97.4 0.19 0.02 11 0.05 0.04 0.29 0.04
B4 A 6.5 1.6 13.70 0.99 14 0.68 0.56 2.25 0.40
Bw 7.1 24.8 5.02 0.45 11 0.49 0.45 1.77 0.30
BC 7.5 71.9 0.68 0.08 9 0.14 0.13 0.70 0.12
C 7.6 79.9 0.94 0.07 14 0.12 0.13 0.64 0.11
C5 oA 5.8 0.0 14.00 0.61 23 0.32 0.32 2.00 0.45
AB 6.8 0.8 6.28 0.33 19 0.32 0.34 2.42 0.49
Bw 7.2 34.6 3.00 0.21 14 0.25 0.31 1.97 0.39
BC 7.4 70.3 1.49 0.13 11 0.13 0.19 0.79 0.17
C 7.5 87.1 0.73 0.08 10 0.07 0.10 0.37 0.07
C6 Ao 7 20.0 14.30 0.76 19 0.48 0.50 1.69 0.44
Bw 7.3 67.0 2.56 0.20 13 0.19 0.23 0.77 0.17
C 7.6 90.0 0.45 0.04 13 0.06 0.06 0.36 0.05
D7 A 6.3 1.2 23.80 1.70 14 0.39 0.44 1.28 0.32
CA 7.6 83.4 0.60 0.07 9 0.04 0.04 0.07 0.03
C 7.6 94.1 n.d. n.d. n.d. 0.01 0.02 0.03 0.01
D8 Ao 6.8 13.0 19.71 1.55 13 0.36 0.49 1.38 0.34
AC 7.2 62.0 3.60 0.33 11 0.15 0.24 1.20 0.36
C 7.3 94.0 1.06 0.11 10 0.05 0.09 0.31 0.11
Tab. 3 - Chemical characteristics of the investigated sites. n.d.= no data.
Tab. 3 - Caratteri chimici dei suoli studiati. n.d.= dato mancante.
95% of this mass loss is attributed to the leaching of Ca and 
Mg (and therefore carbonates). The losses of Si are mostly 
< 10 kg m-2, and those of Al, Fe, k, Na and Mn mostly < 1 
kg m-2. The losses calculated with Ti as the immobile ele-
ment show less outliers than those obtained using the non-
carbonate fraction. Si, k and to a lesser extent Al showed a 
trend with increasing mass losses at lower altitudes (Fig. 7). 
Such a trend was measured for the standardised soil depth 
0-25 cm and the whole soil profile.
4.4. Clay minerals and oxyhydroxides
The clay mineral assemblage for all profiles and 
horizons is given in table 5. The clay fraction was char-
acterised by mica, kaolinite, chlorite, vermiculite, HIV 
(hydroxy-interlayered vermiculite), mixed-layered clay 
minerals and partially by smectitic components. In gen-
eral, mica was present more frequently in the parent 
material and vermiculite in the surface soil horizons. All 
other clay minerals did, at a first glance, not show any 
specific trends within the soil profile.
The amounts of oxyhydroxides (Fed, Ald, Feo, Alo), 
formed due to weathering in the fine earth fraction, were 
estimated by comparing the content in the soil with that in 
the parent material according to
(4) 
 
(4) W j = zw
a=1
n∑ ρw C j ,w fw −C j ,p f p( )  
 where Wj corresponds to the mass of the weathering prod-
uct j, zw to the thickness of the corresponding soil horizon, 
ρw being the bulk density (t m-3) of the soil horizon, Cj,w 
and Cj,p (kg t-1) correspond to the concentration (fine earth) 
of compound j in the corresponding soil horizon and parent 
material, respectively and f
w
 and fp to the proportion of fine 
earth in the soil horizon and parent material, respectively. 
The stocks of these different fractions in the soils decreased 
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Fig. 4 - Comparison of calculated strains obtained by means of an immobile element (Ti) and carbonate removal within each soil profile. 
Negative values refer to a collapse of the elementary volume, positive values to a dilatation and a value = 0 means that weathering had 
occurred isovolumetrically.
Fig. 4 - Confronto delle deformazioni ottenute utilizzando rispettivamente un elemento immobile (Ti) o la rimozione di carbonati in ogni 
profilo di suolo. I valori negativi si riferiscono a una diminuzione del volume unitario iniziale, i valori positivi a una dilatazione, e i valori 
= 0 a una alterazione isovolumica.
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Fig. 6 - Perdite di elementi totali (somma di Ca, Mg, K, Na, Al, Fe, Si, Mn) rispettivamente per la profondità normalizzata del suolo 
0-25 cm e per l’intero profilo, all’interno della toposequenza. I calcoli sono basati sui due metodi (Ti o frazione non carbonatica come 
componente immobile).
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Fig. 5 - Ca and Mg losses (given in kg m-2) as a function of 
the altitude. The losses are given a. for the whole soil profile 
and b. for a standardised soil depth (corrected according to 
equation (1) to the initial columnar height (25 cm) of the 
elementary volume. The calculations refer to the immobile 
element Ti (1) and to the non-carbonate fraction (2).
Fig. 5 - Perdite di Ca e Mg (in kg m-2) in funzione della 
quota. Le perdite sono calcolate a. per l’intero profilo e b. 
per una profondità standard del suolo (corretta utilizzando 
l’equazione (1) in rapporto all’altezza iniziale (25 cm) del 
volume unitario. I calcoli utilizzano rispettivamente un 
elemento immobile (Ti) o la frazione non carbonatica.
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Tab. 4 - Total element contents in the fine earth (a) and soil skeleton (b).
Tab. 4 - Contenuti totali di elementi nella terra fine (a) e nello scheletro (b).
a)
Profile Horizon Al(g kg-1)
Si
(g kg-1)
Ca
(g kg-1)
Mg
(g kg-1)
k
(g kg-1)
Na
(g kg-1)
Fe
(g kg-1)
Mn
(g kg-1)
Ti
(g kg-1)
A1 Ao 61.03 142.20 17.68 6.74 8.78 3.80 33.66 1.01 5.71
Bw 71.94 167.01 56.93 7.91 10.04 4.43 40.87 1.01 6.77
BC 13.04 33.48 330.10 3.84 2.71 0.85 7.74 0.22 1.12
 C 9.14 39.23 347.33 3.79 3.86 0.65 5.44 0.13 0.80
A2 A 79.26 195.28 20.32 11.96 15.02 5.97 44.39 0.78 8.10
AB 82.98 205.73 29.40 12.57 15.46 6.32 46.52 0.81 8.34
Bt 95.04 251.13 9.62 13.52 20.24 8.81 51.17 0.77 9.03
B3 A 54.05 115.02 44.94 36.84 10.05 1.71 31.91 0.76 5.24
Bw 18.90 50.07 184.37 106.78 4.85 0.56 10.83 0.26 1.36
C 8.07 25.83 213.85 116.89 3.29 0.39 6.41 0.11 0.62
B4 A 70.93 174.84 12.91 14.39 14.53 2.86 41.35 1.41 7.12
Bw 66.48 155.44 46.59 37.66 15.10 3.22 37.52 1.10 6.72
BC 25.84 64.81 252.53 36.08 7.07 1.23 15.70 0.30 2.57
C 22.92 54.54 232.63 52.03 6.37 0.92 15.01 0.26 2.17
C5 oA 68.62 180.25 12.11 7.50 10.39 4.24 36.90 0.68 6.59
AB 81.81 217.28 13.66 8.50 11.83 5.15 46.38 0.61 8.26
Bw 57.65 147.26 159.87 7.27 8.68 3.17 33.38 0.50 5.29
BC 21.74 62.22 299.38 5.10 4.48 1.03 15.05 0.30 2.10
C 12.39 43.26 343.05 5.94 3.32 0.59 8.02 0.20 1.29
C6 Ao 56.61 122.60 39.54 32.26 9.26 2.57 31.89 0.81 5.69
Bw 28.95 67.87 156.22 92.24 6.34 1.51 15.90 0.33 2.75
C 13.95 42.17 248.06 80.04 4.83 0.79 8.23 0.14 1.22
D7 A 54.02 116.14 12.37 13.57 11.08 2.17 27.78 0.61 5.80
CA 4.30 9.80 217.38 123.79 0.99 0.25 10.69 0.06 0.54
C 2.44 4.51 218.24 124.49 0.58 0.22 1.41 0.04 0.33
D8 Ao 51.48 108.16 24.66 19.88 9.64 2.42 27.35 0.67 5.47
AC 27.63 57.95 154.55 93.78 4.65 1.45 16.59 0.21 3.56
C 8.24 15.07 205.27 120.34 1.22 0.42 5.30 0.09 1.11
b)
Profile Horizon Al(g kg-1)
Si
(g kg-1)
Ca
(g kg-1)
Mg
(g kg-1)
k
(g kg-1)
Na
(g kg-1)
Fe
(g kg-1)
Mn
(g kg-1)
Ti
(g kg-1)
A1 Ao 1.26 5.07 397.52 4.08 0.34 0.14 0.80 0.03 0.07
Bw 3.02 5.49 392.14 3.71 0.73 0.21 1.86 0.07 0.03
BC 1.30 9.40 399.73 4.19 0.74 0.14 0.89 0.04 0.03
 C 1.64 5.60 396.26 4.14 0.62 0.11 1.08 0.05 0.05
A2 A 2.22 7.33 384.75 6.07 0.74 0.21 1.28 0.05 0.38
AB 2.05 6.62 383.23 5.17 0.50 0.17 1.25 0.05 0.33
Bt 2.97 9.51 389.65 3.87 1.32 0.30 1.73 0.06 0.52
B3 A 0.80 3.11 223.23 127.47 0.34 0.19 0.50 0.01 0.17
Bw 0.92 3.87 223.92 129.18 0.37 0.20 0.61 0.03 0.27
C 0.77 13.47 227.75 129.33 0.90 0.23 0.42 0.03 0.15
B4 A 2.01 9.52 344.19 37.74 0.65 0.17 1.63 0.06 0.05
Bw 2.16 16.34 334.22 48.88 0.62 0.21 1.37 0.05 0.04
BC 1.88 8.28 341.55 34.16 0.65 0.17 1.22 0.04 0.03
C 1.93 21.10 298.23 64.59 0.73 0.20 1.35 0.06 0.02
C5 oA 1.29 6.09 377.52 11.20 0.47 0.13 0.79 0.04 0.24
AB 1.46 20.18 378.94 6.35 0.53 0.13 0.92 0.05 0.20
Bw 1.30 4.54 386.32 4.09 0.52 0.11 0.89 0.06 0.10
BC 1.04 5.04 392.67 3.64 0.46 0.10 0.82 0.04 0.06
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Profile Horizon Al(g kg-1)
Si
(g kg-1)
Ca
(g kg-1)
Mg
(g kg-1)
k
(g kg-1)
Na
(g kg-1)
Fe
(g kg-1)
Mn
(g kg-1)
Ti
(g kg-1)
C 1.02 8.43 389.27 3.65 0.37 0.10 2.34 0.04 0.10
C6 Ao 1.50 4.93 229.35 120.72 0.40 0.19 0.96 0.05 0.16
Bw 2.20 5.02 225.83 123.19 0.46 0.27 1.31 0.05 0.11
C 2.30 6.23 299.57 64.05 0.69 0.17 1.95 0.06 0.22
D7 A 1.35 3.74 231.84 119.49 0.42 0.18 0.84 0.06 0.18
CA 0.79 2.67 228.10 128.77 0.29 0.23 0.41 0.02 0.02
C 0.89 2.27 226.87 129.64 0.25 0.23 0.40 0.02 0.03
D8 Ao 1.39 4.35 229.95 125.95 0.50 0.13 1.71 0.04 0.23
AC 1.70 4.58 231.14 123.79 0.85 0.20 0.88 0.04 0.14
C 1.45 3.28 231.18 126.43 0.54 0.14 0.74 0.04 0.03
Profile Horizon Mica kaolinite Chlorite
Mixed-layered
Chl/Verm
(HIV)
Mixed-layered
Mica/Verm
(HIV)
Mixed-
layered
Verm/Smec
Mixed-
layered
Chl/HIS
HIVa Vermiculite
A1 Ao (x) x (x) (x) (x) x x
Bw (x) x (x) (x) (x) x x
BC x x (x) (x) x x x
 C x x (x) (x) x (x) (x)
A2 A x x x x x (x) (x) x x
AB x x x x x (x) (x) x x
Bt x x x (x) (x) (x) (x) x x
B3 A (x) x (x) x x x x x
Bw (x) x (x) (x) x x x x
C x x (x) (x) x x (x) (x)
B4 A x x (x) x x x x x
Bw x x (x) x x x x x
BC x x (x) (x) x x x x
C x x (x) (x) x x x x
C5 oA (x) x (x) (x) (x) x x
AB (x) x (x) (x) (x) x x
Bw (x) x (x) (x) (x) x x
BC x x (x) (x) x x x
C x x (x) (x) x x x
C6 Ao (x) x (x) x (x) (x) (x) x x
Bw x x (x) (x) x (x) x x
C x x x (x) x (x) (x) x
D7 A (x) x (x) (x) (x) x x
CA x x (x) (x) (x) x x
C x x x (x) x (x) (x)
D8 Ao x x (x) (x) (x) (x) (x) x x
AC x x (x) x (x) (x) x (x)
C x x (x) x x (x) x (x)
Tab. 5 - Clay minerals assemblage in the investigated soils. Chl= chlorite, verm= vermiculite, smec= smectite, HIS= hydroxy-interlayered 
smectite, HIV= hydroxy-interlayered vermiculite, x= present in significant amounts, (x)= traces.
Tab. 5 - Stima semiquantitativa del contenuto di minerali argillosi nei suoli studiati. Chl= clorite, verm= vermiculite, smec= smectite, 
HIS= smectite interstratificata con idrossidi, HIV= vermiculite interstratificata con idrossidi, x= presente in quantità insignificanti, (x)= 
tracce.
(Tab. 4 - continued)
(Tab. 4 - continua)
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Fig. 7 - Losses (negative values) and gains (positive values) of elements with respect to the standardised, initial columnar height of 25cm 
(cf. equation (1)) along the toposequence.
Fig. 7 - Perdite (valori negativi) e aumenti (valori positivi) di elementi in rapporto allo spessore iniziale standardizzato di 25 cm (si veda 
l’equazione (1)), all’interno della toposequenza.
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Fig. 8 - Stocks of neo-formed oxalate- and dithionite-extractable Fe and Al in the soils as a function of altitude.
Fig. 8 - Quantità delle frazioni (di neoformazione) di Fe e Al estraibili in ossalato e in ditionito, in funzione della quota.
steadily with altitude (Fig. 8). The production and accumu-
lation of oxyhydroxides was obviously more pronounced at 
the lower sites.
The absolute clay content in the soils does not evi-
dence any altitude-dependent trend. If the neo-formation of 
clays is calculated (by comparing the clay content of the 
soil horizons with the parent material), a weak altitude-de-
pendent tendency can be seen (Fig. 9). At higher altitudes, 
the neo-formation of clays seems to be slightly greater.
5. DISCUSSIoN
5.1. Soil profile development
The profile thickness of the investigated sites clearly 
shows a gradient with altitude: at higher altitudes the soil 
profiles are shallower (Fig. 10). This tendency is typical for 
Alpine soils. Already early soil scientists observed that in 
humid temperate or warm regions rocks had weathered to 
much greater depths than in the cold zones (Jenny 1941). 
An increase in altitude is accompanied by a falling tem-
perature and a rise in precipitation. Therefore, the soil prop-
erties change in a regular manner, and definite soil zones 
that grade into each other can be observed. This statement 
is, however, primarily true for the soil types or profiles. 
Several master variables, such as for example the pH-value, 
did not show a climate dependent tendency.
5.2. Element leaching
The Ca and Mg losses are relatively high compared 
to other regions in the Alps (Egli & Fitze 2001). They are, 
however, in the same order of magnitude. Mass losses of 
carbonates did not show an obvious trend regarding the 
standardised soil depth 0-25 cm. In respect of the whole 
soil profile, a trend of lower carbonate losses with increas-
ing altitudes can, however, be observed. Carbonate leach-
ing is viewed as primarily being a function of water supply 
and the consequent percolation in the soil, the Co2 produc-
tion, temperature and surface properties of the carbonates 
(Gerstenhauer & Pfeiffer 1966; Egli & Fitze 2001). With 
increasing altitude, temperature decreases, precipitation 
and soil water percolation increases. one should therefore 
Designation of horizons:
AO AB BwAC/CA BCBt C
50 
100 
0 
(cm) B4B3 C6C5 D8D7A1 A2
Fig. 10 - Schematic soil profile development along the 
toposequence.
Fig. 10 - Schema dello sviluppo dei profili di suolo all’interno 
della toposequenza.
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Fig. 9 - Neoformation of clays in the soil profile since start of 
pedogenesis as a function of the altitude.
Fig. 9 - Neoformazione pedogenetica di minerali argillosi nel 
suolo, in funzione della quota.
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expect that carbonate leaching is enhanced with increasing 
altitude (Stumm & Morgan 1996). The microbial activity 
must therefore be the driving force in carbonate leaching 
as higher temperatures generally lead to an increased activ-
ity and consequently Co2 production. The increased Co2 
production (due to an increased biological activity) at lower 
sites overcompensates the lower solubility of carbonates 
with higher temperatures. Additionally, dolomite dissolves 
more slowly than calcite. The soils at the highest altitudes 
had pure dolomite in the parent material which could have 
contributed to a lower dissolution rate. This effect is, how-
ever, not very obvious as also other profiles had dolomite 
in the parent material (e.g. the profile at 1450 m a.s.l. with 
pure dolomite). our results agree well with investigations of 
Borsato et al. (2007) who investigated the hydrochemistry 
of hypogean waters in Trentino. According to their findings, 
the concentrations of HCo3-, Ca2+ and Mg2+ in cave water 
samples gave a negative correlation with altitude (and, thus, 
showed a climate dependency). Additionally, the pCo2 was 
found to be higher at lower altitudes (due to corresponding 
higher Co2 production in soils at lower altitudes.
Mass balance calculations indicate that weathering of 
primary minerals was most intense at the lower sites where 
increased leaching rates of Si, k and Al were measured. 
The losses of the other elements (except Ca and Mg) were 
almost zero. The leaching of Si, k and Al is bound to an ac-
tive dissolution of primary minerals and probably also to the 
observed eluviation of clay-sized particles at site A2 (which 
is bound to a transfer of elements from the upper to the lower 
part of the soil). This fits well with the observation that also 
the production of oxyhydroxides was greatest at lower alti-
tudes. Incongruent weathering of primary minerals leads to 
the production of oxides and hydroxides such as goethite and 
ferrihydrite (brunification; Sposito 1989). Weathering is, due 
to the relatively neutral pH-range, driven by carbonic acids 
(Ugolini et al. 1991). In soil horizons dominated by carbonic 
acid weathering noncrystalline substance such as ferrihydrite 
are abundant (Ugolini et al. 1991). Leaching rates of Si, k 
and Al are generally rather low compared to other investiga-
tions sites (on silicatic host rock; Egli et al. 2004) which is 
not very surprising. At the lower sites (around 1200 m a.s.l.) 
the leaching rates were, however, in a similar range to those 
obtained from other climosequences in Val Genova or Val di 
Fiemme (Egli et al. 2004).
In general, element mass changes were either close 
to zero or negative. Eolian attributions (loess deposits) 
can therefore not be unambiguously evidenced with this 
method.
5.3. Clay mineralogy
Several sheet silicates found in the clay fraction were 
not newly formed and consequently do not have a pedog-
enetic origin. It is very unlikely that in subalkaline to neutral 
pH-conditions kaolinite and smectite are actively formed 
in moderate to alpine climate zones (cf. Righi & Meunier 
1991; Righi et al. 1999; Mirabella & Egli 2003). kaolinite 
was detectable already in the soil skeleton (and also in the 
C horizon). According to Millot (1970) and Bausch (1980) 
a marine formation of kaolinite can be excluded because an 
acidic environment is required (which is not the case in a 
marine environment). kaolinite most probably reflects rel-
icts of former weathering processes (tertiary warm phases) 
in soils that were later eroded and deposited as sediments 
in a marine environment (cf. Press & Siever 1995). In some 
profiles, smectitic phase could be measured. Similarly to 
kaolinite, smectite was formed in another chemical envi-
ronment and represents relicts of a former (most probably 
tertiary) soil formation. Smectite probably was transported 
from the continent (by water or wind) to the location of 
deposition (Grunenberg 1992). Additionally, chlorite and 
mica in the C-horizon most probably have a detritical ori-
gin.
In all soils, a decrease of mica from the C-horizon to 
the topsoil and a corresponding increase of vermiculite was 
measurable. Mica actively has been transformed into ver-
miculite. The content of vermiculite in the topsoil is similar 
at all sites and consequently no obvious trend with altitude 
exists. Transformation mechanisms of silicatic minerals in 
the A-horizon seem to be at high altitudes at least equally 
intensive as at lower sites. This agrees well with the ob-
servation that the neo-formation of clays (pedogentically 
formed) is at higher sites similar or even slightly more 
intense than at lower sites. As the biological activity is re-
duced at the higher sites, less Co2 and more organic acids 
are produced during organic matter decomposition. In such 
an environment, mineral transformations and weathering 
reactions are consequently more driven by organic acids as 
the major proton donors (cf. Ugolini et al. 1991) than by 
carbonic acids.
6. CoNCLUSIoN
The main hypothesis that weathering reactions should 
be most intensive close to the timberline could not be veri-
fied. Weathering consisted predominantly in a removal of 
carbonates. Losses of Ca and Mg as well as elements like 
Si, Al and k were highest at the lower sites. Although the 
solubility of carbonates is higher with lower temperatures, 
the biologically driven production of Co2 at lower altitudes 
overcompensated this temperature effect. At the lower 
sites, weathering was mainly driven by carbonic acids. 
At the higher sites, organic acids determined to a greater 
extent mineral transformations and weathering reactions. 
This suggests that most probably two different weathering 
regimes (carbonic and organic acid weathering) exist along 
the toposequence.
Regarding sheet silicates, the transformation of mica 
into vermiculite is the main process that can be measured 
in the clay fraction. kaolinite and smectite are relicts of a 
former soil formation (tertiary?). The neoformation of clays 
showed only a weak and the vermiculite concentration did 
not show any altitude-dependent tendency. Weathering 
mechanisms regarding sheet silicates (clay fraction and fine 
earth) were at the sites with the highest elevation at least 
equally intensive to those at lower altitudes. Leaching of 
Si, Al and k as well as mineral transformations evidenced 
that silicate weathering started even before carbonates were 
dissolved and completely removed from the soils.
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